Abstract-A compact waveguide-type fan-out device for uncoupled multi-core fibers was demonstrated using laminated polymer waveguide. The measured coupling losses from a 7-core fiber to seven single-core fibers were as low as 0.2 -4.4 dB.
I. INTRODUCTION
A compact integrated connection (fan-out) device from an uncoupled seven-core fiber to an array of single-core fibers was fabricated using Laminated Polymer Waveguide (LPW) structure. The core spacing in the vertical direction was precisely controlled by spin-coating with accurate viscosity control of epoxy resin cladding, while the core spacing in the lateral direction can be determined precisely by the EBwritten photo-mask.
One of the authors has proposed a new type of optical fiber called heterogeneous uncoupled multi-core fiber (MCF) that drastically increases the transmission capacity by a space-division multiplexing technique [1] , [2] . To realize the transmission system using the multi-core fiber, a compact integrated Fan-out device is required for the massive connection. Thus far, a three-dimensional fan-out device fabricated by an ultra-short pulse laser inscription [3] , tapered MCF connector [4] , and a bulky individual manipulation apparatus [5] were reported. However, there has been reported no waveguide-type fan-out device which has the possibility of integration with other waveguide devices such as WDM filters using film deposition and photo-lithography technique.
In this report, we have developed a Laminated Polymer Waveguide (LPW) fan-out device for uncoupled multi-core fibers, and demonstrated low coupling loss.
II. FABRICATION Fig.1 shows the schematic view of LPW fan-out device. The input end is butt-coupled to MCF, whereas the output end is connected to a fiber array of single core fibers.
The core is made of poly-methyl-methacrylate (PMMA) and the cladding is UV curing epoxy resin (E3766 by NTT-AT). Fig. 2 illustrates the fabrication process of LPW. The cladding layers are fabricated by the spin-coating of UV curing epoxy resin, which is a solvent-free oligomer. Since the oligomer doesn't shrink after the UV-curing, the core spacing in the vertical direction can be precisely controlled by the rotation speed of spin-coating and the viscosity of the resin. The waveguide pattern was formed by the photolithography using a Silicone-based photo-resist and the RIE using O 2 gas. The index contrast and the core size were designed to be 0.6% and 7.9μm x 7.9 μm, respectively.
III. EXPERIMENTAL RESULTS
The cross-sectional microscope images of the fan-out device and the multi-core fiber were shown in Fig. 3 (a) and (b), respectively. The cores with the same number were butt-coupled. The core spacing of the multi-core fiber is 45.0 μm and the mode field diameter 2w M (w M : spot size) ranges from 9.72 to 9.85 μm. The insertion losses of 7 cores were measured using the measurement setup shown in Fig.4 . First, the insertion loss
SCF of i-th core of LPW fan-out device from a single core fiber with the MFD of 7.0μm was measured. Next, the MCF was butt-coupled to the fan-out device, and the insertion loss α (i) MCF was measured by launching each core of MCF using the single core fiber.
In the first step, the core numbers 3, 4, and 5 were aligned so that the insertion loss was minimized. Then the insertion loss α Spot . The minimum insertion loss for the center core including the absorption loss of PMMA was 3.6 dB. Then, in the next step, the minimum insertion loss of each core was measured by adjusting the core of MCF to the corresponding core of fan-out device individually. Since the mode field diameter of MCF is different from that of the single core fiber, the spot size w Table I . On the other hand, the offset δ (i) of i-th core from the apex point of hexagonal with the side length of 45μm was obtained from the cross sectional image as shown in Fig.3 (a) . Then the theoretical offset loss α 
The calculated coupling losses of individual cores are summarized in Table I with the offset and the mode field diameter. The theoretical coupling losses coincide with the measured results well, and the maximum loss was 4.4 dB. *wF is the geometric average of spot sizes of x and y directions.
IV. CONCLUSION
The core centers of core #3-#5 were adjusted well by the precise photo-mask pattern and the coupling losses were as low as 0.3dB. The core centers in the upper and lower layers (#1, #2, #6, and #7) were shifted from those of MCF due to the fabrication error of the cladding thickness. The precise control of cladding thickness will be possible by the temperature control during the spin coating of UV resin.
